A recent paper by von Engelhardt et al. identifies a novel auxiliary subunit of native AMPARs, termed CKAMP44. Unlike other auxiliary subunits, CKAMP44 accelerates desensitization and prolongs recovery from desensitization. CKAMP44 is highly expressed in hippocampal dentate gyrus granule cells and decreases the paired-pulse ratio at perforant path input synapses. Thus, both principal and auxiliary AMPAR subunits control the time course of signaling at glutamatergic synapses.
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The gating of postsynaptic glutamate receptors of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid subtype (AMPARs) is a major factor determining the time course of the excitatory postsynaptic current (EPSC) in central neurons. If the glutamate concentration transient in the synaptic cleft is brief, the EPSC decay approaches the deactivation time constant of receptors (the time course of closure of channels after removal of the agonist). If the glutamate pulse in the synaptic cleft is long, the EPSC decay approaches the desensitization time constant (the time course of closure of channels in the maintained presence of glutamate). In many synapses, the EPSC decay time course will be intermediate between these two limiting cases.
Moreover, receptor gating will shape the dynamics of synaptic transmission, contributing to paired-pulse or multiplepulse depression (Colquhoun et al., 1992) . If the extent of desensitization is large and the recovery from desensitization is slow, cumulative desensitization of AMPARs may occur during repetitive activation of excitatory synapses. The contribution of AMPAR desensitization to synaptic depression is particularly profound at large synapses with high release probability and multiple closely spaced release sites, such as auditory calyx synapses (Trussell et al., 1993) .
It is generally thought that receptor gating is determined by the subunit composition of the postsynaptic receptors (Geiger et al., 1995; Lambolez et al., 1996) . AMPARs are tetramers comprised of four different types of subunits, designated as GluR-A to -D or GluR1 to -4 (Hollmann, 1999 ; or GluA1 to -4 in a new nomenclature). Each subunit exists in differentially spliced versions (e.g., the alternatively spliced flip and flop versions) and in RNA-edited variants (e.g., Q/R-site and R/G-site variants). The presence or absence of the GluR-B subunit and Q/Rsite editing determine the Ca 2+ permeability of AMPARs, whereas subunit expression, alternative flip-flop splicing, and R/G-site editing all modulate gating kinetics.
Although the properties of native and recombinant AMPARs should be identical, subtle differences were previously noted. For example, both deactivation and desensitization time course of recombinant AMPARs expressed in Xenopus oocytes (Mosbacher et al., 1994) and mammalian host cells (e.g., human embryonic kidney cells) are consistently faster than those of native AMPARs examined under similar conditions (Colquhoun et al., 1992; Geiger et al., 1995) . Conversely, subtle differences in gating kinetics between native AMPARs cannot be easily traced back to subunit composition, alternative splicing, or R/G-site editing in the corresponding neurons. For example, the time course of recovery from desensitization has a slow component in dentate gyrus granule cells, but not in CA1 pyramidal neurons (Colquhoun et al., 1992) , without any major differences in mRNA expression between the two types of cells (Geiger et al., 1995) . Stargazer mice Spontaneous mouse mutant that exhibits seizures and cerebellar ataxia. These mice were named stargazer because they show a characteristic behavior of frequently moving their heads back to stare upward.
Stargazin (TARP g-2)
Named according to the selective absence of this protein in stargazer mice.
TARP g-2 (stargazin) Stargazin was also named g-2 because of its homology to the non-pore-forming skeletal muscle L-type Ca 2+ channel subunit, g-1.
Cornichon A protein first described in Drosophila, where it was reported to regulate polarity during embryogenesis together with the protein Gurken.
CNIH Cornichon (CNI) homolog (ortholog) in mammals.
CKAMP44
Cystine-knot AMPAR modulating protein of molecular weight 44 kDa.
What is the explanation for these discrepancies between native and recombinant receptors? For voltage-gated ion channels, such as Na + , K + , and Ca 2+ channels, it is well established that auxiliary b subunits provide a mechanism for the fine-tuning of channel gating, particularly inactivation. Accumulating evidence now suggests that auxiliary subunits provide a similar fine-tuning of AMPAR gating. The first remarkable example was the discovery of the transmembrane AMPAR regulatory proteins (TARPs; Chen et al., 2000) . The starting point of the findings was the stargazer mouse, which exhibits seizures and cerebellar ataxia (Table 1) . Detailed analysis of this mouse revealed that loss of a protein designated as stargazin (or TARP g-2 in a new nomenclature) was responsible for this highly characteristic phenotype. Based on sequence similarity, eight stargazin-related proteins were identified. While two of them (g-1, g-6) are thought to be Ca 2+ channel subunits, all the others (g-2, g-3, g-4, g-5, g-7, and g-8) have been demonstrated to be auxiliary subunits of AMPARs. When coexpressed with principal subunits, TARPs have multiple effects on AMPARs. First, they promote the surface expression of AMPARs (Chen et al., 2000) . Second, (B) Molecular determinants of deactivation kinetics, determined using 1 ms pulses of glutamate. (C) Molecular determinants of desensitization kinetics, determined using 100 ms pulses of glutamate. Decay time constants in (B) and (C) were chosen according to deactivation and desensitization time constants in auditory neurons in the medial nucleus of the trapezoid body (left) and hippocampal mossy cells (right) (Geiger et al., 1995) . (D) Molecular determinants of recovery from desensitization, determined using two 1 ms pulses of glutamate separated by time intervals of variable duration. Kinetics was chosen according to the time constant of recovery from brief-pulse desensitization in CA3 pyramidal neurons and the time constant of the slow component of recovery in dentate gyrus granule cells (Colquhoun et al., 1992) . they regulate the gating of AMPARs, typically prolonging the deactivation and desensitization of AMPARs in parallel (Tomita et al., 2005; Milstein et al., 2007; see Kato et al., 2008 , regarding the distinct role of g-5). Finally, they affect the pore properties, reducing the sensitivity to intracellular polyamines and increasing the single-channel conductance (Soto et al., 2007) .
Recent results suggest that TARPs are not the only auxiliary AMPAR subunits. Using a proteomic strategy (affinity purification of native AMPAR complexes followed by mass-spectrometric analysis), cornichon-related proteins (CNIHs) have been recently identified as components of the AMPAR protein microcomplex in the brain (Schwenk et al., 2009) . Like TARPs, CNIHs enhance surface expression of AMPARs. Also like TARPs, they prolong both deactivation and desensitization of AMPARs, without any noticeable effect on the time course of recovery from desensitization (Schwenk et al., 2009) . Using a similar proteomic approach, the recent work by von Engelhardt et al. (2010) published in Science identified another new protein associated with AMPAR subunits, the cystine-knot AMPAR modulating protein 44 (CKAMP44).
Both the structure and the function of this new protein are remarkable. In contrast to TARPs and CNIHs, CKAMP44 has a single putative transmembrane segment. Rather uniquely, it contains several cysteine residues presumably forming a cystine knot, similar to peptide toxins. Like TARPs, but unlike CNIHs, CKAMP44 contains a PDZ ligand motif. When coexpressed with AMPAR subunits, CKAMP44 has several unique effects. First, it only minimally alters AMPAR surface expression. Second, it affects the deactivation and desensitization time constant in a unique way, prolonging deactivation while accelerating desensitization. This is remarkable, because most modulators of AMPAR gating, including TARPs and CNIHs, consistently prolong both deactivation and desensitization (Partin et al., 1996) . Finally, it slows the recovery of AMPARs from desensitization. Again, this is different from TARPs, which accelerate recovery (MorimotoTomita et al., 2009) and CNIHs, which have no effect (Schwenk et al., 2009) . Thus, the results show that the effects of CKAMP44 are in many ways opposite to those of TARPs and cornichons. This suggests the possibility of a reciprocal regulation of AMPAR gating in the brain.
Which types of neurons express CKAMP44 and in which subcellular domains is CKAMP44 located? Within the hippocampus, the strongest expression is observed in dentate gyrus granule cells. This selective pattern is different from the expression pattern of both TARPs (TARP g-2, for example, being highly enriched in cerebellar granule cells) and CNIHs (which are expressed throughout the brain). Furthermore, FLAG-tagging suggests that CKAMP44 is concentrated at synapses. This subcellular distribution is similar to that of TARPs, but different from that of CNIHs, which appear to be also located in extrasynaptic plasma membrane areas (Schwenk et al., 2009 ). This suggests the possibility that TARPs and CKAMP44 may primarily regulate the properties of postsynaptic receptors, whereas CNIHs could also modify extrasynaptic receptors, making them more responsive to glutamate spillover.
What is the functional significance of CKAMP44 for excitatory synaptic transmission? Using CKAMP44 knockout and overexpression, von Engelhardt et al. (2010) show that CKAMP44 prolongs the decay time course of the EPSC, at least in the presence of cyclothiazide. Furthermore, CKAMP44 affects the short-term dynamics of excitatory synaptic transmission at the medial and lateral perforant path synapses on hippocampal granule cells, shifting the paired-pulse ratio toward depression. Thus, postsynaptic factors, i.e., AMPAR desensitization, contribute to paired-pulse depression at these synapses. How the contribution of desensitization is related to synaptic structure, especially the spacing of presynaptic terminals, remains to be determined (Trussell et al., 1993) .
In summary, accumulating evidence suggests that multiple auxiliary subunits regulate the properties of native AMPARs in a complex antagonistic way (Figure 1) . Thus, the fine-tuning of gating kinetics by auxiliary subunits, which is well established for voltage-gated channels, also applies to AMPARs, the main types of receptors mediating glutamatergic synaptic transmission in the brain. Differential expression of auxiliary subunits may contribute to the large range of gating kinetics observed for native AMPARs and EPSCs at glutamatergic synapses. Whether additional auxiliary subunits beyond TARPs, CNIHs, and CKAMP44 contribute to this regulation remains to be explored.
